Abstract The safe application of geological carbon storage depends also on the seismic hazard associated with fluid injection. In this regard, we performed friction experiments using a rotary shear apparatus on precut basalts with variable degree of hydrothermal alteration by injecting distilled H 2 O, pure CO 2 , and H 2 O + CO 2 fluid mixtures under temperature, fluid pressure, and stress conditions relevant for large-scale subsurface CO 2 storage reservoirs. In all experiments, seismic slip was preceded by short-lived slip bursts. Seismic slip occurred at equivalent fluid pressures and normal stresses regardless of the fluid injected and degree of alteration of basalts. Injection of fluids caused also carbonation reactions and crystallization of new dolomite grains in the basalt-hosted faults sheared in H 2 O + CO 2 fluid mixtures. Fast mineral carbonation in the experiments might be explained by shear heating during seismic slip, evidencing the high chemical reactivity of basalts to H 2 O + CO 2 mixtures.
Introduction
Reducing the concentration of CO 2 in the atmosphere is among the greatest challenges of the present century. Large-scale carbon capture and geological storage have been proposed to reach this target (Bachu et al., 2007; Matter & Kelemen, 2009) . One way to provide a long-lasting, thermodynamically stable, and environmentally benign carbon storage is through mineral carbonation (Oelkers et al., 2008) . This process requires combining CO 2 -rich water with dissolved divalent cations (primarily Ca 2+ , Mg 2+ , and Fe 2+ )
to precipitate carbonate minerals. The most efficient sources of divalent cations are silicate minerals like olivine, plagioclase, and pyroxenes, that is, the main constituents of basaltic rocks such as those of continental flood basalts. In particular, dissolution of CO 2 into water during its injection into basalt hosted reservoirs enhances the geological storage security compared to conventional geological formations, such as saline aquifers. In fact, injection of fully predissolved CO 2 mitigates the risks of fluid leakage driven by buoyancy forces back to the surface, so that injection could take place at shallower depth than those where CO 2 behaves as supercritical (usually <1,000 m, depending on the geothermal gradient; e.g., Edlmann et al., 2013) . Moreover, CO 2 -rich water interaction with pyroxene, olivine, etc., in basalts accelerates dissolution-carbonation reactions, thus mineral trapping (Aradóttir et al., 2012; Matter et al., 2016) .
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Giacomel, P., Spagnuolo, E., Nazzari, M., Marzoli, A., Passelegue, F., Youbi, N., & Di Toro, G. (2018 However, the amount of dissolved CO 2 at operative depths typical for carbon sequestration into basaltic aquifers (Alfredsson et al., 2013) is in the ratio 30-70 g CO 2 per kg H 2 O (Choi & Nešić, 2011) . Consequently, the large amounts of water to be injected during subsurface CO 2 storage efforts may trigger earthquakes in response to pore fluid overpressures in the vicinity of preexisting faults (Zoback & Gorelick, 2012) . Specifically, injection of pressurized CO 2 -rich fluids affects the shear strength of faults by (1) mechanical effects due to the increase in pore fluid pressure (Hubbert & Rubey, 1959) and (2) a variety of coupled chemically mediated mechanical processes, which may render faults more prone to frictional instabilities (Rohmer et al., 2016 , and references therein for an overall overview). While the effect of water-rich fluids on fault reactivation has been studied extensively, the mechanical behavior of faults submitted to injections of CO 2 -rich fluids as well as the effect of the degree of alteration of rocks on the dynamics of the onset of slip remains largely unknown. So far, most experimental studies have addressed the effects of the short-term (i.e., timescale of laboratory experiments: hours to days) and of the long-term (timescales over 100 years, up to 10 kyr) exposure to CO 2 -rich water (brine) on the frictional properties of faults and fractures hosted in conventional sandstone reservoirs (Bakker et al., 2016; Samuelson & Spiers, 2012) and in anhydrite and claystone caprocks (e.g., Pluymakers et al., 2014) . Nonetheless, a knowledge gap regarding the frictional behavior in shallower alternative CO 2 storage systems, involving injection of CO 2 -rich water in basaltic reservoirs, still exists. Since hydrothermally altered basaltic rocks may be chosen as suitable CO 2 storage reservoirs, the study of the frictional behavior of basaltic rocks with variable degree of alteration in the presence of pressurized CO 2 and H 2 O + CO 2 fluids is of paramount importance.
Here we investigated the role of H 2 O-and CO 2 -rich pressurized fluids on the triggering of frictional instabilities of preloaded experimental faults in basalts. The experiments were designed to reproduce the rock-type and the ambient conditions relevant for Hellisheidi (Iceland) CO 2 -injection site (CarbFix pilot project: Gislason & Oelkers, 2014; Gislason et al., 2010) . In fact, to date, this is the first storage site in which CO 2 is dissolved in H 2 O before being injected in a basalt-built reservoir. The reservoir is located in a low-temperature geothermal area at ∼500 m depth, corresponding to a lithostatic pressure of about 15 MPa, and at ∼25°C ambient temperature (Alfredsson et al., 2013) . Our results that could apply to other voluminous basaltic occurrences (e.g., continental flood basalts sequences) show that fault instability nucleation occurs regardless of the state of alteration of basalts and chemical composition of injection fluids.
Methods

Sample Selection and Petrography
Thick lava sequences pertaining to the Central Atlantic magmatic province (CAMP: Goldberg et al., 2010) or the Columbia River basalts (Wallula pilot project: McGrail et al., 2006 McGrail et al., , 2011 have been proposed as suitable CO 2 -storage targets. Therefore, we selected representative samples of these two continental basalt provinces. For the CAMP, basaltic lava flows and shallow intrusions (sills) were collected in Morocco (Marzoli et al., 2004) , eastern North America (Merle et al., 2014) , and Portugal (Callegaro et al., 2014) . The selected samples have an average grain size of 100-300 μm and a maximum grain size <2 mm. The main primary minerals of unaltered continental flood basalts are Ca-rich plagioclase (∼45-50 vol %), clinopyroxene (augite and/or pigeonite, ∼40-45 vol %), and Fe-Ti oxides (∼5 vol %); some samples contain up to ∼5 vol % of sideromelane glass. Since the rock-forming minerals of nonaltered basalts are water free, the loss on ignition content (LOI or the weight loss measured after heating the sample at 1000°C for 24 hr) is a good proxy of the abundance of breakdown products (smectite, sericite, etc.) and of the degree of alteration of the basalt. A systematic analysis of the LOI values revealed different alteration state of the selected basalts (Table S1 in the supporting information), as confirmed by the variable modal content of secondary minerals such as phyllosilicates (sericite, smectite, illite, and chlorite) deriving from alteration of plagioclase and pyroxenes, and from devitrification of sideromelane (optical microscope analysis and bulk X-ray powder diffraction; Figures S1 and S2), which amounts to ∼50 vol % in the most altered specimens. Hereinafter, the basaltic rocks are referred to as "unaltered" when their LOI is below 1.7% wt and the amount of alteration minerals is less than 5% in volume, and vice versa as "altered" (see Figures S1 and S3 for details).
Experimental and Analytical Methods
To investigate the effect of short-term fluid-rock interaction on the mechanical behavior of basalt-built faults, 20 friction experiments were performed with the rotary shear apparatus SHIVA (Slow to High Velocity Apparatus; Table S2 ) installed at the Istituto Nazionale di Geofisica e Vulcanologia in Rome (Italy; Di Toro et al., 2010; Niemeijer et al., 2011) . The experiments were performed on hollow cylinders 30/50 mm internal/external diameter of the continental flood basalts described in section 2.1. The mineral and chemical compositions of the basalts were determined with X-ray powder diffraction (PANalytical X'Pert PRO) and X-ray fluorescence (WDS Philips PW2400) installed at Padua University. The effective porosity (<1%) was determined with a Helium-pycnometer Accu Pyc II 1340. Samples were jacketed in aluminum ring and embedded in epoxy to ensure the fluid pressure sealing as described in Nielsen et al. (2012) . Bare surfaces were ground flat and parallel with a surface grinder to impose the same roughness on all sample assemblages (wavelength of ∼50 μm and height of ∼10 μm: e.g., Passelègue et al., 2016) . This procedure ensures in most cases sample misalignment smaller than 100 μm once the rock specimens are installed in SHIVA. The sample pair was inserted in a vessel allowing pressurized fluid confinement ( Figure S4 ; Violay et al., 2013 Violay et al., , 2014 . The injected fluids consisted of distilled H 2 O, pure CO 2 , pure argon, and a mixture of H 2 O + CO 2 . We used three different pressurizing circuits depending on the composition of the fluid (Text S1). Normal stress σ n , fluid pressure Pf, axial shortening, equivalent slip δ, slip velocity V, and shear stress τ (determined on the annular samples; see Shimamoto & Tsutsumi, 1994) were acquired at a frequency up to 250 Hz. To assess the role of the chemistry of the injected fluids on the reactivation of faults juxtaposing basalts with variable degree of hydrothermal alteration, the frictional experiments were conducted over a range of σ n from 10 to 20 MPa, at a starting fluid pressure Pf i from 0.5 to 5 MPa. Injection of fluids initiated under a constant shear stress τ equal to 5 MPa (Table S2) .
Notably, to approach the CarbFix reservoir working conditions, several tests were performed by applying σ n = 15 MPa and an initial Pf = 2.5 MPa at room temperature (T~20-25°C; Alfredsson et al., 2013) . The experimental procedure consisted of the following steps: first we inserted the sample inside the pressure vessel and pumped the fluid to 0.1 MPa. Then we increased (1) σ n up to target stress value σ n, target ; (2) Pf up to the starting fluid pressure Pf i , under drained conditions (Text S1 and Figure S4 ); and (3) τ in three steps of 1.67 MPa every 100 s up to 5 MPa (Figure 1 ). After this stage, σ n and τ were kept constant during the entire duration of the experiment (the recording rate of the inverter/controller feedback loop system used to control the shear stress applied from the brushless engine was 16 kHz). Lastly, the Pfi was increased of ΔPf = 0.1 MPa every~100 s to trigger the main fault instability resulting in a seismic slip event limited to V = 0.3 m/s. A time step of 100 s was sufficient to guarantee fluid penetration within the entire fault slipping zone .
Results
Mechanical Data
In Figure 1 we report the evolution of the σ n , Pf, τ, and V with time during experiments conducted with the different fluids tested (H 2 O, CO 2 , H 2 O + CO 2 , and argon in respectively Figures 1a-1d ). Before the main instability, the stepwise Pf increase resulted in the onset of short-lived spontaneous slip bursts (grey arrows in Figure 1 ) with V ranging from 10 À3 m/s up to 0.3 m/s at the main instability. Slower slip rate burst events (V < 10 À3 m/s), if present, were not distinguishable from the background noise and creep. The precursory slip bursts resulted in minor shear stress drops (Δτ < 0.2 MPa) followed by fault restrengthening (Figure 1) . The experiment ended with the main frictional instability, or the slip event during which the fault strength dropped rapidly and accelerates up to 0.3 m/s due to the onset of macroscopic fault reactivation. The fluid pressure and normal stress at the onset of the main instability were defined as Pf MI and σ nMI , respectively, and are shown in Table S2 and Figure 2 for all conditions tested.
We tested the dependence of the frictional properties from (1) the degree of alteration of rocks and (2) fluid composition, by combining basalts with variable LOI wt % content in the experimental fault pair. Moreover, as altered minerals (smectite, etc.) and glass have a lower indentation hardness than primary rock-forming minerals (Beeler et al., 2008) , we tested the hypothesis that the most altered sample (i.e., the one with the highest LOI) of each pair determines the macroscopic properties of the experimental fault. Accordingly, we defined basalt-faults as unaltered when the LOI of the most altered samples of the fault pairs is below 1.7% wt and altered for LOI > 1.7% wt. Independently of the tested environmental conditions (i.e., initial state of stress, nature of the fluids, and degree of alteration), fault reactivation follows the Terzaghi's principle (Terzaghi, 1925) . The larger the normal stress acting on the experimental fault, the larger the fluid pressure required to trigger the main frictional instability (Table S2 and Figure 2 ). All the experimental data, with few exceptions, fell within a narrow band delimited by two straight parallel best fit lines in the Pf MI -σ n MI space (Figure 2 ). The blue and red lines are the trends associated to unaltered and altered basalt-built faults, respectively, sheared either in distilled H 2 O or H 2 O + CO 2 , whereas the black dashed best fit line refers to all the experimental faults (independently of their LOI wt % content), interacting with pure CO 2 or Ar. The best fit lines arise from a linear regression analysis, and their high R 2 values (0.987-0.999) reflect the low scatter of the experimental data and the robustness of the fits. Two observations arise: (1) the blue straight line almost overlaps with the black line in the σ n range 9-15 MPa, attesting that unaltered basalt-built faults sheared in H 2 O and H 2 O + CO 2 reactivate at comparable fluid pressures as in the case of basalts pressurized with pure CO 2 or Ar, and (2) for a given normal stress at main instability, unaltered and altered basalt-built faults flooded with H 2 O and H 2 O + CO 2 , reactivate at comparable fluid pressures (the Pf MI difference between the red and blue best fit trends is~0.3 MPa). Therefore, data analysis clearly points to similar mechanical behavior in the experiments conducted on basalts sheared in CO 2 , H 2 O, and H 2 O + CO 2 mixtures, independently of the fluid chemistry and the alteration state of basalts. 
Microstructural and Microanalytical Data
The slipping zone of all the sheared samples consisted of lineated principal slip surfaces overlaying <100 μm thick gouge layers. However, in the experiments performed in the presence of water-rich fluids, only cohesive gouge was preserved after the tests, as most of the gouge layer was flushed away during the sample recovery. The slipping zone resulted from abrasive and adhesive wear of the basalts during sliding (Figure 3a) . Systematic micro-Raman investigation of the slipping fault patches interested by grain size reduction and adhesive wearing, evidenced the occurrence of micrometric crystals of dolomite only in the case of basalts sheared in H 2 O + CO 2 fluids (Figures 3b-3e) . Ion-chromatography analysis showed that given the similar degree of alteration of the basalts, fluids recovered after experiments performed with H 2 O + CO 2 mixtures had higher concentration of Mg 2+ compared to the fluids from experiments with distilled H 2 O (e.g., s1055 versus s1184; Table S3 ). Since both fault sides contribute to cation release during shearing, the composition of the recovered fluid was related to the average of the LOI content of the sample pair forming the experimental fault.
Discussion
Main Frictional Instability: Role of Fluid Composition and Degree of Alteration of Basalts
We performed friction experiments that enabled us to get better insights on the effects of the short-term exposure of H 2 O-and CO 2 -rich fluids with variably hydrothermally altered basalt-built preloaded faults. Clay minerals like smectite and illite and other phyllosilicates are the typical breakdown products of altered basalt. Their mechanical (e.g., pore fluid pressure) and chemical (e.g., subcritical crack growth and water adsorption) interaction with fluids is expected to reduce the fault frictional strength (Moore & Lockner, 2007; Remitti et al., 2015; Wintsch et al., 1995) .
Notably, the similar response of basalts sheared with CO 2 independently of their degree of alteration at a given σ nMI suggests that pure CO 2 has mainly a mechanical effect in triggering the main instability (Figure 2 ). This hypothesis is consistent with Wang et al. (2013) , who observed the lack of chemical reactions following anhydrous CO 2 -rock interaction, and is strengthened by the test performed with Ar, which lies in the same P fMI -σ nMI field as in the experiments pressurized with pure CO 2 . Moreover, the best fit line for the occurrence of the main frictional instabilities for unaltered basalt-hosted faults sheared in pressurized H 2 O or H 2 O + CO 2 overlaps with the one resulting from the injection of CO 2 and Ar, suggesting that fault reactivation is mainly due to the mechanical role of the fluids (Figure 2 ). The triggering of the main frictional instabilities for altered basalt-hosted faults sheared in the presence of pressurized H 2 O or H 2 O + CO 2 required, under a given normal stress, a fluid pressure on average 0.3 MPa smaller than the one required for the unaltered samples. The offset between the two best fit lines for the main frictional instabilities for unaltered or altered faults is within the reproducibility range of laboratory data. The scatter of the experimental data could be ascribed to local heterogeneities in mineral composition and rock microstructure, as well as micrometric sample misalignments. In fact, though the samples are carefully prepared (see details in Nielsen et al., 2012) , misalignments up to 100 μm between the sample pairs are extremely difficult to eliminate in quite hard rocks as basalts. Consequently, the experimental data set reported here suggests that the chemically mediated mechanical fault weakening due to short-term exposure to H 2 O + CO 2 fluids can be ruled out, as the main instabilities occur at similar fluid pressures independently of the composition of the injected fluids and of the degree of alteration of the basalts.
This conclusion is akin to findings from Samuelson and Spiers (2012) , aimed at investigating the short-term impact of CO 2 exposure on the mechanical behavior of wet simulated quartz-and clay-rich gouges, whereas analogous experiments in wet-anhydrite fault gouges evidenced additional CO 2 -weakening effects to that caused by water alone (Pluymakers et al., 2014) . Instead, despite the high chemical reactivity of basaltforming minerals in acidic environment as attested by the chemistry of the recovered fluids (Table S3) , the presence of H 2 O + CO 2 -rich fluids did not entail macroscopic variations in frictional strength of faults.
Furthermore, phyllosilicates content had no significant influence on the frictional strength of the basalthosted faults. Unfortunately, because of the design of the pressure vessel, the gouges in the slipping zones could not be recovered because flushed away with water during sample recovery. This impeded detailed microstructural analysis of the entire slipping zone. However, we argue that phyllosilicates did not form a continuous weak layer. Instead, it seems reasonable that faults accommodated deformation predominantly by cataclastic processes in all the experiments.
Carbonation Reactions
Newly formed dolomite grains were found only in cohesive slipping zones recovered from experiments performed in H 2 O + CO 2 mixtures (Figure 3) , in contrast to calcite crystals that were present in limited amounts in the starting protolith as vacuole fillings. Basalt carbonation is the result of kinetic processes involving (1) dissolution of basalt primary minerals due to interaction with acid water, (2) diffusion of the dissolved material, and (3) precipitation of carbonates. The rate-limiting step in mineral sequestration is associated to alkali earth ions availability, released from the parent minerals. Because Ca-rich clinopyroxene is the sustaining contributor of divalent cations during dissolution of basalts (Wells et al., 2017) , we argue that dolomite (and possibly calcite) precipitation during the H 2 O + CO 2 tests is the result of the following reactions (Gislason et al., 2010; Aradóttir et al., 2011) :
According to equation (1), Ca 2+ and Mg 2+ , leached mainly from Ca-rich clinopyroxene in acid environment (equation (2)), react with CO 2 to precipitate calcite and dolomite (equation (3)). Notably, the acid environment of H 2 O + CO 2 mixtures (pH ≃ 3.2 at Pf = 2.5-5 MPa and 20 < T < 30°C, from Diamond & Akinfiev, 2003 ; Figure S5 ) promotes the release of Mg 2+ from rock-forming basaltic minerals as showed by comparing the geochemical analysis of H 2 O + CO 2 and distilled H 2 O in basalts with similar mean LOI and cumulated slip (cf. s1055 and s1184; Table S3 ). This is corroborated by the higher Mg 2+ concentration leached by more altered samples sheared in H 2 O + CO 2 mixtures that cumulated less displacement than their counterpart with lower mean LOI and pressurized with only water (s1018 versus s1021; Table S3 ). Moreover, as CO 2 -dissolution into water can occur within 5 min during the CO 2 injection process (Sigfusson et al., 2015) , and the experiments last less than 1 hr, cation enrichment in solution during the stage preceding the main instability is expected to occur.
Finally, since carbonate mineral solubility decreases with increasing temperature (Langmuir, 1997) , reaction in equation (3) could be favored by the temperature increase due to the frictional heat exchanged in the slipping zone during the episodic slip bursts, and especially after the main instability was achieved and the pair sample sheared at V = 0.3 m/s. The latter, together with the reduced grain size, would enhance significantly the kinetics of dissolution of basalt rock-forming minerals and precipitation of calcite and dolomite from the solution H 2 O + CO 2 despite the relatively short duration of the experiment (<40 min in total).
Following the reasoning in Kelemen et al. (2011) , assuming that basalt mineral carbonation rates are comparable to olivine carbonation rates, the optimum temperature for equation (4) would be in the range 150-200°C (Kelemen & Matter, 2008) . This is in good agreement with the bulk temperature increase estimated along the slipping zone at the main frictional instability. If the heat production is (Beeler et al., 2008; Lachenbruch & Sass, 1980) 
an estimate of the bulk temperature increase in the slipping zone during the experiments can be computed numerically using the approximation (Carslaw & Jaeger, 1959; Nielsen et al., 2008 ; Figure S6 ) Hanley et al., 1978) , specific heat capacity Cp = 898 J · kg À1 · K À1 (Waples & Waples, 2004) , and density ρ = 2,960 kg/m 3 ). The numerical solution revealed indeed the achievement of bulk temperatures of several hundred degrees Celsius once the main instability was triggered, as shown in Figure S6 . In small fault patches (<1 mm 2 ) of the experimental fault, because of flash heating at the asperity scale or of debris trapped in the slipping zone, temperatures can be higher than 1000°C (see Tisato et al., 2012 , for discussion). This can also be attested by the presence of adhesive wear products, because of frictional welding between opposing asperities in the slipping zone in all the experiments and independently of the composition of the injected fluid (Figure 3a) . Adhesive wear products were also found in experiments performed with H 2 O-rich fluids, suggesting the achievement of high temperatures despite the presence of water that should buffer the temperature increase (Violay et al., 2014) . Furthermore, since thermal decomposition of dolomite and calcite happens at a temperature ranging from 600 to 800°C, this temperature interval can be reasonably regarded as an upper bound of the temperature reached in the slipping zone at the main frictional instability (Rodriguez-Navarro et al., 2009 .
The presence of newly formed dolomite grains at the end of our friction experiments supports the great effectiveness of mineral carbonation in basalts interacting with H 2 O + CO 2 mixtures (e.g., Aradóttir et al., 2012; Matter et al., 2016) . However, in our experiments and compared to natural conditions, dolomite precipitation was possibly fostered by both rapid temperature rise (up to 600-800°C) and grain comminution associated to the main fault frictional instability and simulated seismic slip. In nature, if mineral precipitation associated to seismic slip would lead to significant fault clogging, buildup of fluid pressure may occur in the vicinity of the fault, further increasing the seismic hazard.
Conclusions
We investigated the effects of the injection of pressurized fluids (Ar, CO 2 , H 2 O, and H 2 O + CO 2 ) in preloaded basalt-built experimental faults (Figure 1 ). Experimental conditions were designed to reproduce the typical operating conditions for CO 2 storage in basaltic-built reservoirs. The pressure of the fluid to trigger the main instability scaled linearly with the normal stress acting on the fault (Figure 2) . Fluid composition and degree of alteration of basalts had a negligible role in controlling the maximum fluid pressure that the experimental fault could sustain before failure (i.e., main instability; Figure 2 ). In fact, more altered basalts (i.e., with higher LOI and higher content of secondary minerals such as sericite, smectite, etc.) sheared in H 2 O-and H 2 O + CO 2 -rich fluids were just slightly more prone to the main frictional instability than less altered basalts and basalts sheared in pure CO 2 and Ar (Figure 2 ). However, this tiny discrepancy may be due to local heterogeneities in mineral composition and microstructure of basaltic samples.
The evidence of newly formed dolomite grains in the slipping zones of all the basalts (i.e., independently of the alteration state) sheared in H 2 O + CO 2 mixtures is the result of the easy release of Ca 2+ and Mg 2+ from basalt-bearing minerals, plus grain size reduction and heat production during frictional sliding (Figure 3) . The experiments discussed here confirm that dissolution and mineral carbonation of basalts in the presence of H 2 O + CO 2 mixtures is extremely efficient, also during frictional sliding at seismic slip rates (~0.3 m/s) associated to the main instability event.
